Cucumber is generally a thermophilic species; however, cultivars have been selected for higher yield during winter cultivation in unheated glasshouses in temperate regions. We tested whether photosynthesis in these varieties had greater chilling tolerance. There was no difference in the instantaneous reduction of photosynthesis at low temperature between four winter glasshouse and four summer field cultivars. After 5 d of 10°C and 100 mmol m -2 s -1 photon flux density, the four field cultivars had a sustained depression of photosynthesis after returning to clement conditions. This inhibition was associated with reduced rates of CO 2 fixation and photosystem II (PSII) electron transport in the light, but not with sustained PSII photoinhibition. However, photosynthesis in the glasshouse genotypes was nearly identical to the pre-chill rates. Chill impacts on light-adapted chlorophyll fluorescence parameters, such as the quantum yield of PSII electron transport (f PSII ), correlated well with overall photosynthesis. This demonstrates the potential for using these fast and noninvasive techniques to screen for chill-tolerant genotypes, with the potential to further improve winter cucumber yield in unheated glasshouses.
Introduction
Growth and development of most plants which originated in tropical and subtropical regions are greatly inhibited by chilling temperature (Allen and Ort 2001) . It is highly desirable to improve the performance of crops, like maize (Zea mays), tomato (Lycopersicon esculentum) and cucumber (Cucumis sativus L.) in temperate regions, through traditional breeding and genetic manipulation. To establish such modern breeding techniques, it is necessary to clarify the physiological and molecular mechanisms for the genetic variations in chilling tolerances of crop plants (Hetherington et al. 1989 , Dolstra et al. 1994 , Haldimann 1997 . Although the mechanisms by which physiological and metabolic processes are affected by chilling in higher plants are not fully understood, photosynthetic processes are often the first to be inhibited by chilling temperature (Berry and Björkman 1980 , Baker et al. 1983 , Wang 1990 ). The impact of low temperature on photosynthesis is dependent on the concurrent light intensity, both in severity and mechanism of damage. When high light intensities are experienced simultaneously with chilling episodes, photosystem II (PSII) is uniquely vulnerable to damage. This stress can quickly lead to photoinhibition of photosynthesis which is not rapidly reversible (Aro et al. 1993 , Melis 1999 , Allen and Ort 2001 . Photosynthetic performance in thermophilic plants is also frequently compromised by low temperatures experienced at low light (Brüggemann and Linger 1994) or even in darkness (Martin et al. 1981 , Allen et al. 2000 . Under these conditions PSII is not the primary lesion, but rather stomatal closure (Martin et al. 1981 , Allen et al. 2000 and the loss of activity of certain carbon-reduction cycle enzymes, like ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Kingston-Smith et al. 1999 , Allen et al. 2000 , sedoheptulose 1,7-bisphosphatase (SBPase) and chloroplastic fructose 1,6-bisphosphatase (FBPase) (Sassenrath et al. 1990 , Hutchison et al. 2000 , appear critical. It has been demonstrated that photosystem I (PSI) is more sensitive than PSII under these chilling conditions (Havaux and Davaud 1994 , Sonoike 1996 , Barth and Krause 1999 .
The chilling tolerance of plants varies with genotype and growth conditions (Dolstra et al. 1994, Smeets and Wehner 1997) . Plants that develop at sub-optimal temperatures typically become more tolerant to chilling stress and recover faster from chill-induced damage (Berry and Björkman 1980, Venema et al. 2000) . This acclimatory effect was more pronounced in chilling-resistant genotypes of tomato (Venema et al. 2000) . Brüggemann et al. (1999) show that chilling-resistant geno-types of tomato maintain higher rates of photochemistry than chilling-sensitive genotypes at sub-optimal temperatures. They argue that this larger photosynthetic sink reduces excess excitation energy and therefore minimizes reactive oxygen species formation at low temperature, and is a possible cause for then higher tolerance of the chilling-resistant genotypes. It is also observed that plants which recover faster from chilling are more tolerant to chill-induced photooxidation and contain greater concentrations of antioxidants (Shen et al. 1999b ). However, this difference in antioxidant concentration between resistant and sensitive genotypes is observed only in chilled leaves (Brüggemann et al. 1999 , Shen et al. 1999a , Shen et al. 1999b . Thus, it is likely that the genotypic differences related to low temperature tolerance might be detectable only in leaves after definite chilling.
There is great demand for developing chill-tolerant cultivars of thermophilic species such as maize, tomato and cucumber, as they are widely cultivated close to their climatic and seasonal limits. We focus on the specific problem of fall and winter production of cucumbers in unheated glasshouses in China since more than 95% of production is in unheated glasshouses (Zhang and Li 1999) . Under these circumstances warm temperatures are maintained during sunny periods, but during cloudy conditions chilling temperatures prevail. Cultivars have been selected which maximise yield under these low light and low temperature conditions (Ma and Lu 1999) . It has previously been demonstrated that cucumber plant growth is more impaired after these chilling conditions in the summer field cultivars compared with the winter glasshouse varieties (Aoki et al. 1989 , Gu et al. 1996 . Furthermore, the chill-induced inhibition of leaf growth was correlated with a depression in CO 2 saturated photosynthetic O 2 evolution after the chill (Aoki et al. 1989) . In this study, the response of C. sativus to chillinduced inhibition of photosynthesis at low light was quantified in order to address the following questions: (1) Can the improved productivity of glasshouse-selected genotypes in this low light/temperature environment be explained by greater resistance of photosynthesis to chilling? (2) Is any increased photosynthetic tolerance of low temperatures constitutive or is an acclimation period required? (3) Does chlorophyll fluorescence provide a rapid and reliable criterion for differentiating between cucumber genotypes with different cold tolerance of photosynthesis and suitability for unheated glasshouse production in winter?
Results
The changes in light-saturated net CO 2 assimilation rate as a function of measurement temperature are shown in Fig. 1 . For all genotypes before chilling, the optimum temperature for photosynthesis was ca. 25°C and A sat dropped by approximately 50% when measured at 10°C (Fig. 1A) . Glasshouse genotypes did not show significantly different A sat than the field genotypes, at any temperature before the chill. The chilling treatment did not decrease subsequent A sat for glasshouse genotypes (Fig. 1B) . However, A sat for chilled plants of the field genotypes, showed significant reductions at all measurement temperatures. The A sat for chilled plants of Kaori, for example, was only 42% of the rate in the unchilled plants at 10°C. Lower stomatal conductance and increased inter-cellular CO 2 concentration occurred concurrently with these reductions in A sat (data not shown). The quantum efficiency of PSII electron transport measured simultaneously with A sat had a similar instantaneous temperature response, except that the maximum observed values were at 30°C (Fig. 2 ) rather than 25°C (Fig. 1) . As observed for A sat the glasshouse and field genotypes were not significantly different before the chill ( Fig. 2A) . Six h after the chill the field genotypes had substantially reduced f PSII at all temperatures, but the glasshouse varieties were unaffected (Fig. 2B) . This results in ca. 10°C higher temperatures being required to achieve a given value of f PSII in the field compared with the glasshouse genotypes, after the chill. The instantaneous temperature response of f PSII is driven primarily by q P (Fig. 4) rather than Fv¢/Fm¢ (Fig. 3) . Furthermore, the post-chill difference in f PSII between field and glasshouse genotypes (Fig. 2B ) is also due chiefly to q P (Fig. 4B ) rather than the smaller changes observed in Fv¢/Fm¢ (Fig. 3B) .
The data presented above reflects photosynthetic performance at saturated light intensities. To determine if the same behavior was evident under light-limited conditions we also observed the changes in the maximum apparent quantum efficiency of CO 2 assimilation and the maximum efficiency of PSII photochemistry before and after chilling ( Table 1) . As with A sat , f CO2 was not significantly different between field and glasshouse genotypes before the chill. After the chill f CO2 had declined by only 16% in the glasshouse genotypes, but by 33% in the field genotypes. There were no significant differences in the Fv/Fm among genotypes and chilling treatment did not depress Fv/Fm.
Discussion
We have demonstrated that selection of cucumber varieties for improved yield under winter glasshouse cultivation has resulted in cultivars which are able to maintain photosynthesis following a 5-d chill episode. There were no significant differences in photosynthesis between glasshouse and field geno- types of cucumber before a chill. Our results, however, provide clear evidence of significant genotypic variation in the susceptibility of cucumber seedlings to chill-induced inhibition of photosynthesis at low light. Of the eight genotypes examined, the four glasshouse genotypes proved to be less susceptible to depression of photosynthesis by chilling. This is generally consistent with the results of Aoki et al. (1989) showing significant differences in chilling-sensitivity of Japanese spring and summer varieties, although there was exception. Further agronomic work is required to determine if these differences in chilling sensitivity of photosynthesis in this mechanistic study are related to yield. Since all genotypes had similar instantaneous low temperature responses before the chill (Fig.  1A) , the observed differences after 5 d of chilling at low light (Fig. 1B ) must be related to protection from chronic damage. This could either be improved constitutive defense mechanisms or greater cold acclimation. Cold acclimation is a typical response to chilling in temperate species (Hurry et al. 1995 , but generally it is not well developed in thermophilic plants like cucumber (Allen and Ort 2001) . The absence of accrued loss of photosynthetic potential could be due to reduced damage or to faster repair processes. The role of improved antioxidant defenses in minimising damage in the winter glasshouse cultivars has recently been supported by the work of Shen and co-workers. Jinchun No. 3, one of the winter glasshouse cultivars used here, has elevated concentrations of ascorbate, dehydroascorbate (DHA) and reduced glutathione (GSH) during chilling (Shen et al. 1999b ) and less malondialdehyde (MDA) following chilling (Shen et al. 1999a ) than Suyo, a chilling-sensitive variety.
In the summer-grown field cultivars, light-saturated CO 2 fixation and PSII electron transport are substantially inhibited following the chill at all measurement temperatures. The absence of any substantial changes in Fv/Fm (Table 1) demonstrates that this depression of photosynthesis by low temperature and low light was not due to photoinhibition of PSII, which is in agreement with previous findings (reviewed by Allen and Ort 2001) . The depression in f PSII was driven primarily by q P , not Fv¢/Fm¢, suggesting that the chill-induced depression in photosynthesis was down-stream of PSII and was not a result of increased dissipation of excitation energy as heat in the PSII antennae complex.
Previous studies on tomato and mango have identified the primary chill-induced lesions in photosynthesis to be Calvin cycle enzymes, like SBPase, FBPase (Sassenrath et al. 1990 , Hutchison et al. 2000 , Rubisco (Kingston-Smith et al. 1999 , Allen et al. 2000 , and stomatal supply of CO 2 (Martin et al. 1981 , Allen et al. 2000 . The inhibitions in light-saturated photosynthesis (Fig. 1) are consistent with a similar mechanism of damage occurring in the field cucumber varieties which accumulate chronic damage. Increased inter-cellular CO 2 concentrations in these plants concurrent with depressed stomatal conductance and CO 2 assimilation supports the conclusion that inhibition of Calvin cycle enzymes are primarily responsible for suppressed photosynthesis measured at high light. Since CO 2 fixation by carbon metabolism acts as the major sink for the reducing equivalents (ATP and NADPH) generated by electron transport, any factors that influence the utilization of ATP and NADPH will modify the electron transport through PSII (Krause and Weis 1991) . Consequently, the chill-induced decrease in CO 2 assimilation capacity in field genotypes almost inevitably causes a reduction of electron transport. The reduction in maximum f CO2 measured at low light without a decline in Fv/Fm (Table 1) can not be easily explained by an inhibition of regenerative Calvin cycle enzymes. Previous experiments on isolated thylakoid membranes, chloroplasts or leaf discs in cucumber and other species have demonstrated that PSI can be more vulnerable to chilling at low light than PSII (Terashima et al. 1994 , Havaux and Davaud 1994 , Sonoike 1996 , Ivanov et al. 1998 , Tjus et al. 1998 , Barth and Krause 1999 . A reduced maximum quantum yield of CO 2 assimilation but not PSII electron transport suggests that PSI activity may be limiting CO 2 fixation at low light after the chill in the warm-season varieties.
Chlorophyll fluorescence quenching analysis is frequently used to monitor the response of photosynthetic apparatus to environmental stress (Maxwell and Johnson 2000, Krause and Weis 1991) . Among the parameters, Fv/Fm is the most frequently used parameter as a measure of maximal efficiency of PSII photochemistry. Our results showed, however, that Fv/Fm provided no information about the genotypic differences in the susceptibility to chilling under low light. This finding contrasts with the effective use of Fv/Fm for screening for cold tolerance in maize under higher light intensities (Schapendonk et al. 1989) , circumstances where PSII photoinhibition is expected. Instantaneous temperature responses of fluorescence parameters could not distinguish between chill-tolerant and -susceptible genotypes. However, our results clearly showed that chlorophyll fluorescence quenching parameters such as q P and f PSII measured after a period of chilling are useful criteria for differentiating cucumber genotypes with different tolerance to low temperature and light.
In conclusion, we have shown that selection for highyielding varieties in winter glasshouse cultivation was associated with protection of photosynthesis from chronic damage during a 5-day chilling treatment under low light. A down-regulation of PSII electron transport was a result of downstream chill effects on the Calvin cycle enzymes and/or PSI activity. As compared with glasshouse genotypes, field genotypes showed decreased q P and f PSII . These parameters measured after chilling are useful criteria for differentiating cucumber genotypes with different tolerance to chilling under low light.
Materials and Methods

Plant material and culture
The eight cucumber (Cucumis sativus L.) genotypes used in the experiments were four cold-tolerant genotypes for winter glasshouse cultivation (cv. Jinchun No. 3 from Tianjin Cucumber Institute, Liru from Sakada Seed Co., Zhongnong No. 13 from Chinese Vegetable Institute, and Chaoyou No. 2 from Zhejiang Vegetable Institute) and four cold-sensitive genotypes for summer field cultivation (cv. Kaori from Nanguku Breeding Farm, Ajiichiban from Kurume Breeding Association, Natsuakifushinari from Saidama Breeding Association, and Aoba from Aobakai Co.). Cucumber seeds were directly sown in a growth medium containing a mixture of 50 soil : 50 perlite (by volume) in 0.6-liter plastic pots in a non-heated glasshouse in Zhejiang University, China in 2001. Average day/night temperatures were 25/ 17°C. The plants were watered and fertilized with half-strength Enshi nutrient solution as required (Yu and Matsui 1994) .
After 2 weeks of pre-culture, 6 plants of each cultivar were transplanted into a 15-liter container filled with the same soil medium, then transferred to a climate chamber for 10 days. Temperatures were maintained at 25/18°C (day/night) with a photosynthetic photon flux density (PPFD) of 600 mmol m -2 s -1 during the 12-h photoperiod. Plants at the 4th leaf stage were subsequently exposed to chilling at 10/9°C (day/night) under 100 mmol m -2 s -1 PPFD for 5 d. After the chilling treatment, all plants were allowed to recover in the climate chamber at 25/18°C (day/night) at 500 mmol m -2 s -1 PPFD.
Temperature response of photosynthesis
The light-saturated net CO 2 assimilation rate (A sat ) was measured 6 h before and after the 5-d chill on the youngest fully expanded leaves using a Ciras-1 gas exchange apparatus (PP Systems, Hitchin, U.K.) which maintained leaf temperature at 30°C, an external CO 2 concentration of 350 mmol mol -1 and a light intensity of 600 mmol m -2 s -1 PPFD. The leaf was subsequently cooled gradually from 30°C to 25, 20, 15 and 10°C, with 15-min adaptation at each temperature, before measurements were taken. Leaf chamber vapor pressure deficit was maintained below 0.7 and 1.1 kPa. Simultaneously with A sat , chlorophyll a fluorescence parameters were measured with a pulse amplitude modulation fluorometer (FMS-2; Hansatech, Kings Lynn, U.K.). Specifically, photochemical quenching (q P ), the efficiency of excitation energy capture by open PSII reaction centers (Fv¢/Fm¢) and the quantum yield of electron transport at PSII (f PSII ) were determined (Genty et al. 1989 ). Fo¢, which was used for the determination of q P and Fv¢/Fm¢, was measured after switching off the actinic light and simultaneously applying 3 s of far red light. The intensity of the saturating flash was 12,000 mmol m -2 s -1 .
Maximum photosynthetic efficiency
The maximal photochemical efficiency of PSII (Fv/Fm) was measured at 25°C after 15 min dark-adaptation using the fluorometer described above, 6 h before and after the 5-d chill. Additionally, at these times the maximum apparent quantum efficiency for CO 2 assimilation (f CO2 ) was determined. The gas-analyzer described above was used to measure leaf net CO 2 assimilation (A) at 25°C and a range of light intensities starting at 200 mmol m -2 s -1 PPFD and falling to 20 mmol m -2 s -1
. Twenty to thirty min was allowed for photosynthesis to adjust to each light intensity. The linear initial slope of the A versus light intensity relationship was used to estimate f CO2 .
